ABSTRACT Short interfering RNAs (siRNAs) are a class of regulatory effectors that enforce gene silencing through formation of RNA duplexes. Although progress has been made in identifying the capabilities of siRNAs in silencing foreign RNA and transposable elements, siRNA functions in endogenous gene regulation have remained mysterious. In certain organisms, siRNA biosynthesis involves novel enzymes that act as RNAdirected RNA polymerases (RdRPs). Here we analyze the function of a Caenorhabditis elegans RdRP, RRF-3, during spermatogenesis. We found that loss of RRF-3 function resulted in pleiotropic defects in sperm development and that sperm defects led to embryonic lethality. Notably, sperm nuclei in mutants of either rrf-3 or another component of the siRNA pathway, eri-1, were frequently surrounded by ectopic microtubule structures, with spindle abnormalities in a subset of the resulting embryos. Through highthroughput small RNA sequencing, we identified a population of cellular mRNAs from spermatogenic cells that appear to serve as templates for antisense siRNA synthesis. This set of genes includes the majority of genes known to have enriched expression during spermatogenesis, as well as many genes not previously known to be expressed during spermatogenesis. In a subset of these genes, we found that RRF-3 was required for effective siRNA accumulation. These and other data suggest a working model in which a major role of the RRF-3/ERI pathway is to generate siRNAs that set patterns of gene expression through feedback repression of a set of critical targets during spermatogenesis.
R EPRESSION of gene expression by small RNAs of $20-30 nt in length is important for many aspects of multicellular eukaryotic development. A variety of classes of small RNA with distinct structural features, modes of biogenesis, and biological functions have been identified (reviewed in Hutvagner and Simard 2008) . We are particularly interested in a class of small RNAs, called endogenous short interfering RNAs (siRNAs) , that are similar to intermediates in exogenously triggered RNA interference (RNAi) in their perfect complementarity to mRNA targets. High-throughput sequencing technology has provided a valuable tool for characterization of endogenous siRNA populations from many diverse sources, including mouse embryonic stem cells (Babiarz et al. 2008) , Drosophila heads (Ghildiyal et al. 2008) , and Arabidopsis pollen (Slotkin et al. 2009 ). These siRNAs have been proposed to function in the regulation of both cellular processes and genome defense through downregulation of gene expression. Caenorhabditis elegans, like plants and fungi, utilizes RNA-copying enzymes called RNA-directed RNA polymerases (RdRPs) as part of the RNAi machinery (Smardon et al. 2000; Sijen et al. 2001) . While two of the C. elegans RdRPs are nonessential (RRF-1 and RRF-2), mutations in either of the remaining two (EGO-1 or RRF-3) lead to fertility defects (Smardon et al. 2000; Simmer et al. 2002) . RRF-3 is functionally distinct from EGO-1 in that the RRF-3 requirement in fertility is temperature dependent. In addition, RRF-3 activity has an inhibitory effect on exogenously triggered RNAi (resulting in an ERI, or enhanced RNAi, mutant phenotype in rrf-3 mutants). Mutants lacking either RRF-3 or another ERI factor, ERI-1, have been used as experimental tools because of their enhanced sensitivity in RNAi-based screens. One proposed mechanism for the enhancement in RNAi in rrf-3 and eri mutants has been a competition for cofactors between the exogenously triggered RNAi pathway and an endogenous RNAi pathway. Consistent with this hypothesis, siRNAs corresponding to several genes have been shown by Northern analysis to depend upon RRF-3 and other ERI factors for their accumulation (Duchaine et al. 2006 ; Lee et al. 2006; Yigit et al. 2006) . Global microarray analyses have also been undertaken to identify messenger RNAs whose expression is affected by RRF-3 and ERI-1 Asikainen et al. 2007) .
A functional significance of the RRF-3/ERI pathway has been inferred by the inability of rrf-3, eri-1, eri-3, and eri-5 mutant strains to propagate at a high growth temperature (Simmer et al. 2002; Duchaine et al. 2006) . Rather than producing temperature-sensitive mutant protein effects, RRF-3 and other ERI proteins are thought to act in a temperature-sensitive process, as evidenced by the predicted truncated and presumed nonfunctional protein fragments that would result from the available deletion alleles and by their shared temperature-sensitive phenotypes. rrf-3 mutant animals have been observed to exhibit X-chromosome missegregation (Simmer et al. 2002) and an unusual persistence of a chromatin mark on the X chromosome during male spermatogenesis (Maine et al. 2005) . X-chromosome missegregation and defective spermatogenesis have been referred to in previous studies of eri-1 (Kennedy et al. 2004 ) and eri-3 and eri-5 (Duchaine et al. 2006) . Furthermore, eri-3 mutant sterility can be rescued by insemination with wild-type sperm (Duchaine et al. 2006 ).
Here we investigated the role of RRF-3 during spermatogenesis. We found defects evident at multiple stages, including after fertilization, where defects in rrf-3 mutant sperm can produce subsequent nonviable embryos. By using high-throughput sequencing, we characterized a large population of siRNAs present in spermatogenic cells and found a strong enrichment for antisense siRNAs from genes with known mRNA expression during spermatogenesis. While the majority of siRNA production during spermatogenesis does not require RRF-3, we found a set of genes for which siRNA production was dependent upon RRF-3. Existing data indicate increased expression for these genes in rrf-3 and/or eri-1 mutants. Taken together, our analyses suggest a working model in which the RRF-3/ERI pathway generates siRNAs that downregulate specific genes during spermatogenesis, with this regulation playing a key role in generating functional sperm.
MATERIALS AND METHODS
C. elegans strains, growth conditions, and spermatogenic cell isolation Strains: Except as noted, C. elegans Bristol N2 (Brenner 1974) was used as the wild-type strain for these studies. The other strains used in this study were the following: GE24-pha-1(e2123) I (Schnabel and Schnabel 1990 ); GR1378-eri-1(mg366) IV (Kennedy et al. 2004 ); JK816-fem-3(q20) IV (Barton et al. 1987 ); JK987-tra-2(q276)/mnC1 dpy-10(e128) unc-52(e444) II (Okkema and Kimble 1991) ; NL2099-rrf-3(pk1426) II (Sijen et al. 2001) ; PD3303-rrf-3(pk1426) II; pha-1(e2123) III; PD3330-rrf-3(pk1426) II; him-8(e1489) IV; PD3331-him-8(e1489) IV; VC407-rrf-3(ok629)/mIn1[mIs14 dpy-10(e128)] II (http:/ /www.celeganskoconsortium.omrf.org); WM48-rde-4 (ne299) III (Tabara et al. 1999) ; and WM161-prg-1(tm872) I (Yigit et al. 2006) , tra-2(q122) II (Schedl and Kimble 1988) .
Growth conditions: As stated in the description of each experiment, animals were grown at 16°, 23°, or 25°. The rrf-3 and eri-1 mutant fertility phenotypes were strongest at 25°, but certain experiments were carried out at the milder temperature of 23°due to the insufficient numbers of embryos produced at 25°. Self-fertilized rrf-3(pk1426) hermaphrodites had an approximate surviving brood size of 2 at 25°, but 30 at 23°. rrf-3(pk1426) males were also significantly more fertile at 23°. Self-fertilized rrf-3(ok629) hermaphrodites also showed temperature-sensitive decreased fertility (they also exhibited a temperature-independent egg-laying-defective phenotype). Animals used for RNA extraction and sequencing were grown and harvested at 25°(see below).
Spermatogenic cell isolation: A population of mixed stage fem-3(q20) hermaphrodites grown at 16°was treated with a 1.2% sodium hypochlorite, 0.5 n NaOH solution with periodic vortexing to dissolve everything but eggs. After washing in M9 buffer to remove hypochlorite, eggs were hatched overnight in M9 solution and allowed to starve as L1 larva. These were put onto OP50-seeded, peptone-enriched plates at 25°to mature to early adult stage (55 hr), when animals were washed off plates with M9 buffer. After repeated washes to remove bacteria, the animals were diced with a razor blade in a 10-cm tissue culture dish to release spermatogenic cells into solution (other cells remained attached to carcasses). The mixture of carcasses and released spermatogonic cells was filtered through a double layer of 10 mm Nitex bolting cloth (Wildlife Supply) and washed three times in M9 buffer before flash freezing in liquid N 2 . Visual inspection of a portion that was transferred to a microscope slide prior to freezing indicated that the sample contained a mix of spermatogenic cell types, including primary spermatocytes, secondary spermatocytes, residual bodies, and spermatids (supporting information, Figure S5 ). This procedure is optimized for small-scale isolation of mixed-stage spermatogenic cells to be immediately frozen [we note that studies of mature sperm function optimally utilize a Percoll gradient and SM buffer (L'Hernault and Roberts 1995; Machaca et al. 1996) rather than M9 buffer (Klass and Hirsh 1981; Miller 2006) ].
Male isolation: Set 1: After sodium hypochlorite treatment of mixed stage animals grown at 16°, released eggs were hatched overnight in M9 solution to starve as L1 larva. Fiftyone hours after being put onto OP50-seeded NGM plates at 25°, the starved L1's had reached adulthood, and males were separated from hermaphrodites by filtration through 35-mm Nitex bolting cloth (Wildlife Supply). Embryos that passed through the filter were separated from males by putting both males and embryos on an unseeded area of a plate and allowing males to crawl toward food. Adult males were washed off plates in EN buffer (0.1 m NaCl, 10 mm EDTA) and filtered a second time immediately prior to freezing in liquid N 2 , 53 hr after initially being put on seeded plates as L1's. Approximately 95% of the him-8(e1489) sample and 90% of the rrf-3(pk1426); him-8(e1489) sample was male.
Set 2: After sodium hypochlorite treatment of mixed stage animals grown at 16°, released eggs were put on OP50-seeded NGM plates at 25°directly without being starved as L1's. Fiftysix hours later, when they had reach adulthood, males were separated from hermaphrodites by filtration through 35-mm Nitex bolting cloth (Wildlife Supply). Embryos that passed through the filter were separated from males by putting both males and embryos on an unseeded area of a plate and allowing males to crawl toward food. Adult males were washed off the plates in EN buffer and frozen in liquid N 2 60 hr after initially being put on seeded plates as eggs. Approximately 90% of the him-8(e1489) and 95% of the rrf-3(pk1426); him-8(e1489) sample was male.
Assaying embryonic viability
Mated tra-2(q122) females were allowed to lay eggs for several hours on NGM plates with thin, clear lawns of OP50 (#1 day after seeding). After removing the mothers from the plates, the newly laid embryos were immediately counted. The surviving progeny were counted when they had reached L4 or adult stage. For temperature-shift experiments, matings were set up between L4 stage tra-2(q122) females and L4 or adult males raised at the starting temperature, where they were allowed to mate overnight. The gravid females were then separated from the males and shifted to the new temperature, where they were left for sufficient time to flush out previously fertilized embryos (6 hr at 23°and 25°or 12 hr at 16°). After this period they were allowed to lay eggs for several more hours (3 hr at 23°and 25°or 6 hr at 16°). In each experiment, multiple matings were set up, and a minimum of four gravid hermaphrodites were evaluated at each growth temperature. Males were raised at 23°rather than at 25°[because matings with rrf-3(pk1426) males at 25°are inefficient in terms of embryo production]. Twenty-three degrees represents an intermediate temperature at which enough competent sperm are produced to allow for continued egg production many hours after mating.
Cytological techniques
RAD-51, REC-8, HIM-8, and SYP-1 immunostaining: Hermaphrodite gonads were dissected and fixed as previously described for anti-RAD-51, anti-HIM-8, anti-SYP-1 (Martinez-Perez and Villeneuve 2005), and anti-REC-8 (Pasierbek et al. 2001) stainings. Animals were synchronized by bleaching to kill everything but embryos. Embryos were then allowed to hatch overnight on NGM plates seeded with Escherichia coli (OP50) at 16°, after which time embryos were shifted to grow at 25°until the animals were ready for dissection. After fixation, samples were washed three times in 13 PBS for 5 min and then blocked with 3% bovine serum albumin (BSA) in 13 PBS for 20 min at room temperature. Antibodies were diluted in 13 PBS containing 3% BSA as follows: 1:80 anti-RAD-51 (Alpi et al. 2003) , 1:100 anti-REC-8 (Pasierbek et al. 2001) , 1:500 anti-HIM-8 (Phillips et al. 2005) , and 1:200 anti-SYP-1 (MacQueen et al. 2002) . Samples were then incubated overnight at 4°in a humid chamber. After washing three times in 13 PBS plus 0.1% Tween 20, secondary antibodies were applied at the following dilutions: anti-rabbit DyLight 547 nm (1:200), anti-rabbit Alexa Fluor 568 (1:500), and anti-guinea pig Alexa Fluor 488 (1:500). After 2 hr at room temperature, slides were washed three times in 13 PBS plus 0.1% Tween 20 and mounted in Vectashield antifading medium (Vector Laboratories, Burlingame, CA) containing 2 mg/ml DAPI. Samples were examined with a Zeiss Axio Imager M1 microscope. Images were recorded with a Spot camera (Diagnostics Instruments). For multicolor immunostaining, monochrome stacks of images were captured separately for each emission wavelength (MetaVue software; Molecular Devices, Sunnyvale, CA). Threedimensional stacks of images were deconvolved (AutoQuant software; AutoQuant Imaging, Troy, NY) and projected (Helicon Focus software; http:/ /helicon.com.ua/heliconfocus/). a-Tubulin immunostaining: We used fixation procedures optimized for preservation of microtubules (Gonczy et al. 1999; Oegema et al. 2001) , with modifications as previously described (Martinez-Perez et al. 2008) . FITC-conjugated anti-a-tubulin monoclonal antibody DM 1A (Sigma) was used at a concentration of 1 mg/ml. Images were acquired as stacks of optical sections at 0.2-mm intervals using a Deltavision deconvolution microscopy system. We quantified the incidence of microtubule wreaths surrounding sperm nuclei in reproductive tracts (gonads and spermathecae) dissected either from self-fertilizing hermaphrodites or from tra-2(q122) females that had been mated with either wild-type or rrf-3(pk1426) mutant males. Quantification was performed using animals that had been raised and maintained at 23°. Microtubule wreaths were frequent in sperm from both rrf-3 self-fertilizing hermaphrodites (15 worms; 237/287 sperm nuclei with microtubule wreaths) and tra-2(q122) females that had been mated with rrf-3 males (1 worm; 17/20 nuclei with microtubule wreaths). Self-fertilized eri-1 hermaphrodite sperm had microtubule wreaths in 59% of their sperm (5 worms; 152/256 nuclei with tubulin wreaths). Microtubule wreaths were not detected in either control N2 self-fertilizing hermaphrodites (2 worms; 0/93 nuclei with tubulin wreaths) or control tra-2(q122) females mated with N2 males (4 worms; 0/86 nuclei with tubulin wreaths). Although discrete tubulin wreaths were not detected in control sperm, some hazy/ diffuse tubulin staining was detected in 4/179 control sperm. For experiments analyzing wild-type sperm, successful microtubule staining in mitotic germ cells from the same gonad served as an internal positive control.
Preparation of libraries of small RNAs for sequencing
Small RNA was extracted from frozen tissue samples with the mirVana microRNA (miRNA) isolation kit (Ambion). Libraries of small RNAs were prepared using a protocol similar to one previously described for miRNA cloning (Lau et al. 2001) , in which small RNA species were flanked by adapter sequences to allow for PCR and sequencing. We modified the original protocol at several key steps to allow for capture of triphosphorylated species and for sequencing with the Illumina genome analyzer system. To remove the bias for 59 monophosphorylated species but preserve the bias toward 39 hydroxylated species, we removed both monophosphates and polyphosphates from the 59-end of the small RNA with Antarctic Phosphatase (New England Biolabs) following the addition of the 39 adapter with T4 RNA ligase 1 (New England Biolabs). The resulting hydroxylated 59-ends were phosphorylated by treatment with T4 polynucleotide kinase (New England Biolabs) and ATP to form a subtrate for T4 RNA ligase 1-mediated addition of the 59 adapter. T4 polynucleotide kinase treatment after addition of the 39 adapter is important because of its 39 phosphatase and 29,39 cyclic phosphodiesterase activity, which can convert unwanted RNA degradation products into a substrate for the 39 adapter ligation reaction. After ligation of both the 39 and 59 adapters, the adapters were extended during the reverse transcription and PCR steps to include complete primer binding sites for subsequent amplification and sequencing reactions. To protect against cross-contamination and to allow for pooling of samples, we modified the 59 adapter sequence to include the Illumina genomic sequencing primer immediately followed by a 4-nt barcode. The pair of barcodes used in the set 1 wildtype and mutant samples was switched in the set 2 wild-type and mutant samples to guard against any potential biases introduced by adapter sequences. The samples were PAGE purified at three stages: after initial RNA extraction and after each ligation step (except with the isolated spermatogenic cell sample, where the first PAGE purification was skipped to conserve material). Additional details for each sample are provided in 
Sequence analyses
Thirty-six-nucleotide sequencing reads were generated using the Illumina Genome Analyzer system. The 39 adapter sequences were trimmed off in silico by scanning from the 39-end of the sequence for the first instance of the first 4 nt of the adapter: CTGT. Sequence reads that lacked CTGT in the 39 most 13 nt were excluded from further analysis. After barcode sorting, the 4 nt of barcode were trimmed off the 59-ends to yield 19-to 28-nt reads corresponding to the captured small RNAs. siRNA alignment counts were produced by aligning the reads to a cDNA reference set using a local installation of BLAT (Kent 2002) , with default parameters, except tileSize was set to 10 and stepSize to 5. The term ''siRNA alignment count'' (above) refers to the number of matches to an individual cDNA obtained from the set of reads. The cDNA data set, derived from the C. elegans WS190 genome assembly, was downloaded from http:/ /www.wormbase.org:80/ biomart/martview. The data set of known transposons sequences was downloaded from http:/ /www.sanger.ac.uk/Projects/ C_elegans/REPEATS/elegans.lib. Read counts and alignment counts are listed in Table S1 .
Statistical methods
P-value calculations for identification of genes with RRF-3-dependent siRNAs: Gene-by-gene siRNA alignment counts were tallied and compared for each sample. To measure foldchanges in alignment count between samples for a particular gene, the alignment count was first converted to a proportion by dividing the alignment count of that gene by the sum of the alignments of the complete cDNA reference set. To obtain a measure of the statistical significance of differences between samples, we assumed that there was no difference in population proportions for each gene and then calculated the probability (P-value) of measuring a difference in sample proportions at least as extreme as the one observed. A one-tailed test was used since we had prior expectations that the proportions for certain genes would decrease in the rrf-3(pk1426) samples (see File S1 for a representative calculation). The standard errors of the means for sample proportion differences were calculated on the basis of predicted normal distributions of the sample proportions, which is justified by the large sample size and the central limit theorem (the proportions here are equivalent to means). The sample proportion differences were standardized to Z-scores by dividing by the standard errors of the means for the proportion differences.
P-values and fold-enrichment calculations for overlap between sets of genes with RRF-3-dependent siRNAs and genes with elevated mRNA levels in rrf-3 and eri-1 mutants: Pvalues were derived using Fisher's exact test from the following numbers: 16,887 of the genes represented in the cDNA data set had probes on the microarray used by Asikainen et al. (2007) . Of the 21 genes that we identified as spermatogenesis candidate RRF-3 targets, 18 were included in this set. Of the 16,887 total genes, 178 had increased mRNA levels in rrf-3(pk1426), while 46 had decreased levels. Of the 18 spermatogenesis candidate RRF-3 targets, 3 had increased mRNA levels in rrf-3(pk1426) (15.8-fold enrichment; P-value ¼ 8.8 3 10 À4 ); none had decreased levels. Of the 16,887 genes, 706 had increased mRNA levels in eri-1(mg366), while 263 had decreased levels. Of the 18 spermatogenesis candidate RRF-3 targets, 8 had increased mRNA levels in eri-1(mg366) (10.6-fold enrichment; P-value ¼ 2.9 310
À7
). These 8 included the 3 with elevated mRNA levels in rrf-3(pk1426). None of the 18 had decreased levels in eri-1(mg366). When we considered all 44 candidate RRF-3 targets rather than just the 18 with siRNAs present in the spermatogenic cell sample, the numbers were still highly significant: fold enrichments of 6.5 and 4.4 with Pvalues of 1.5 3 10 À2 and 4.4 3 10 À4 for rrf-3(pk1426) and eri-1(mg366), respectively.
RESULTS
Compromised spermatogenesis accounts for reduced brood size and X-chromosome loss from rrf-3(pk1426) hermaphrodites: We first set out to determine whether the rrf-3(pk1426) reduced brood size and Xchromosome missegregation phenotypes were attributable to defects in sperm or oocytes. C. elegans exists in two sexes: males, which produce only sperm, and hermaphrodites, which produce first sperm and then oocytes in the same gonad. Defects in either gamete line can result in sterility of self-fertilizing hermaphrodites. rrf-3(pk1426) self-fertilizing hermaphrodites produced very few fertilized embryos at 25°, with 90% of these nonviable ( Figure 1A ). Here and in subsequent experiments, we defined ''nonviable'' as failure to give rise to L4 stage larva or adults. We found that a preponderance (or all) of the nonviability was accounted for by embryonic lethality prior to hatching. To determine the source of the reduced embryo count and viability, we set up matings between rrf-3(pk1426) hermaphrodites and wild-type N2 males at 25°. Fertilization by wild-type sperm rescued the rrf-3(pk1426) brood size reduction in terms of both numbers of embryos produced and embryonic viability ( Figure 1 , A and B), indicating that both phenotypes can be attributed to defects during spermatogenesis.
To determine whether X-chromosome missegregation is linked to spermatogenesis in rrf-3(pk1426) hermaphrodites, we utilized a genetic test that takes advantage of the C. elegans sex determination system. The ratio of X-chromosomes to autosomes in C. elegans determines the sex: animals with two X chromosomes and two sets of autosomes are hermaphrodites; animals with one X and two sets of autosomes are male (Nigon 1951; Madl and Herman 1979) . Hence, in a normal selffertilization, a hermaphrodite contributes one X from each sperm and from each ovum so that the resulting embryos are virtually all ($99.8%) XX hermaphrodites. Generation of XO males from XX hermaphrodite selffertilization is indicative of X-chromosome loss or nondisjunction in either the sperm or oocyte lineage. To test for X-chromosome loss in rrf-3(pk1426) oogenesis, we set up matings with tra-2(q276) XX-transformed males, which contribute an X from each sperm (like a hermaphrodite). Unless the X chromosome is lost during oogenesis, hermaphrodites mated with tra-2(q276) males give rise to almost entirely XX hermaphrodite progeny ( Figure 1C ) (Okkema and Kimble 1991) . We set up matings between either rrf-3(pk1426) or wild-type hermaphrodites with tra-2(q276) males. To select for outcrossed progeny, the hermaphrodites also carried a temperature-sensitive mutation in pha-1 that causes self-fertilized progeny to die as embryos (Schnabel and Schnabel 1990) . The progeny from this cross exhibited extremely low numbers of spontaneous males (wild type: 1 of 479; rrf-3(pk1426): 2 of 721) ( Figure 1D ). These results indicate that oogenesis is not the source of X-chromosome loss in rrf-3(pk1426) propagation, implicating spermatogenesis as the affected process. While RRF-3 may have additional functions in oogenesis, these results indicate that most or all of the fertility and X-chromosome segregation mutant phenotypes can be accounted for by roles for RRF-3 during spermatogenesis.
RRF-3 is required for spermatocyte cell division: To further investigate the nature of the sperm defect, we examined germlines of rrf-3(pk1426) hermaphrodites Figure 1 .-Lack of embryos, nonviable embryos, and X-chromosome loss are attributable to defective spermatogenesis in rrf-3 mutants. Individual hermaphrodites either were allowed to self-fertilize or were crossed with males at 25°and then allowed to lay eggs during a 6-hr window followed by an 18-hr window. The progeny from both periods were counted when they had reached L4 and adult stage. Cases where the matings were unsuccessful, as evidenced by few embryos or a lack of male progeny, were not counted. Multiple matings were set up and progeny from at least five gravid hermaphrodites were counted in every case. (A) Rescue of rrf-3(pk1426) embryo production and viability of wild-type sperm (6-hr window).The embryos laid during the first 6 hr were counted in addition to the surviving progeny to estimate the number of nonviable embryos. Error bars denote standard errors of the means. (B) Rescue of the rrf-3(pk1426) brood size (24-hr window). The number of surviving progeny from both the 6-and 18-hr windows were combined. Error bars denote standard errors of the means. (C) Diagram of assay for loss of the X chromosome during oogenesis. pha-1(e2123) is a temperature-sensitive, recessive, embryonic lethal mutation that ensures that only outcrossed progeny survive at 23°. The tra-2(q276) mutation causes XX animals, which would normally be hermaphrodites, to develop into partially fertile males. (D) Wild-type levels of X-chromosome loss in rrf-3(pk1426) oogenesis. Multiple matings were set up, each with five hermaphrodites and at least five males, with the exception of the rrf-3(pk1426) self-fertilizations, which were done with individual hermaphrodites. The number of male progeny was scored when they had reached L4 or adult stage. The total number of progeny counted, n, is smaller than would be expected from wild-type matings due to the inefficiency of tra-2(q276) males. These crosses were set up at 23°rather than 25°for increased success.
prior to and during completion of spermatogenesis at 25°. We investigated chromosome organization during meiotic prophase using antibodies labeling RAD-51, which functions in recombination and decorates chiasmata (Alpi et al. 2003; Colaiacovo et al. 2003) ; the synaptonemal complex components REC-8 and SYP-1 (Pasierbek et al. 2001; MacQueen et al. 2002) ; and HIM-8, which marks a specific domain on the X chromosome (Phillips et al. 2005) . This analysis did not reveal any overt defects in meiotic prophase ( Figure S1 and Figure  S2 ). In addition, DAPI-stained nuclei in the process of transitioning between prophase and the first meiotic division appeared normal in rrf-3 mutants (Figure 2A ). Cytological abnormalities in rrf-3 mutant germ cells first started to become evident after the primary spermatocyte stage, where DAPI staining revealed nuclear abnormalities such as small or bridged structures (Figure 2A ). Further analysis of unfixed late-stage spermatocytes by DIC and Hoechst staining revealed both unusual cell morphology and the presence of multiple nuclear structures within individual mutant spermatocytes (Figure 2B ). Other spermatocytes within the same gonads appeared to develop without obvious morphological abnormalities and to produce residual bodies and sperm of the normal size and shape, although in smaller numbers than wild type. Additional DAPI staining of released gonads revealed that the production of compact sperm-like nuclei was both delayed and decreased. At the expected time of spermatogenesis completion (prior to ovulation but after appearance of oocytes), rrf-3 mutants had a fivefold reduction in compact, spermlike nuclei relative to N2 ( Figure 2C ). By the time of the first ovulation, the number in rrf-3 mutants of sperm-like nuclei relative to N2 increased to half of the N2 levels (data not shown), but these gonads still contained cells with multiple or misshapen nuclei. Together, these phenotypes indicate defects in developmental progression and cell division processes during spermatogenesis in rrf-3(pk1426).
An rrf-3 paternal effect on embryogenesis: Since rrf-3(pk1426) animals at elevated temperatures yield a high percentage of nonviable embryos, we asked whether RRF-3 functions directly in embryos or in a spermatogenesis process linked to embryogenesis. To test this, we set up matings between rrf-3(pk1426) males and tra-2(q122) females, which genetically are XX hermaphrodites but have feminized germlines that produce only oocytes (Schedl and Kimble 1988) . We found that rrf-3(pk1426) males produced sperm that were capable of fertilization, but many of the resulting embryos were Figure 2 .-RRF-3 is required for normal spermatocyte cell division. (A) Abnormal nuclear structures and lack of sperm visible by DAPI staining of fixed hermaphrodite gonads undergoing spermatogenesis at 25°. Nuclei in both wild-type and mutant spermatocytes (white arrows) appeared visibly normal, but nuclei in subsequent stages often appeared fragmented or bridged in the mutant (blue arrowheads). A wild-type dividing spermatocyte nuclei (blue arrow) and spermatid nuclei (orange arrow) are also indicated. Bar, 10 mm. (B) Multiple and misshapen Hoechst-staining structures in mutant spermatocytes at 25°. Unfixed sperm and spermatocytes released from rrf-3(pk1426) dissected gonads and stained with Hoescht 33342 show multiple nuclear structures within individual cells (bottom four panels), often of inconsistent sizes and shapes compared to N2 control sperm nuclei (top). Mutant worms also produced sperm that were visibly similar to the N2 (e.g., upper left corner of bottom panel). (C) Quantification of DAPI-staining structures in fixed hermaphrodite gonads at 25°. Nuclear structures were counted in the proximal gonad at the expected timing of spermatogenesis completion (after the appearance of the first oocyte but prior to ovulation; at this stage the sperm have not yet moved into the spermatheca). Compact, sperm-like nuclei are not equivalent to cell counts because of the presence of multiple DNA structures within some individual cells in the mutant. Values shown are averages obtained from 9 N2 gonads and 10 rrf-3(pk1426) gonads. Error bars denote standard errors of the means. nonviable ($37% at 23°). This effect on embryos depended on the temperature at which spermatogenesis occurred but was independent of the temperature at which embryogenesis occurred ( Figure 3A) . The paternally derived lethality was not due to the presence of a second, unrelated recessive mutation because transheterozygous males bearing rrf-3(pk1426) and another deletion allele, rrf-3(ok629), also produced nonviable embryos. Such males should be heterozygous for any extraneous mutations outside rrf-3, so the contribution of any such mutations, if any, should be minimized. In setting up the test for the rrf-3 requirement, we utilized trans-heterozygote rather than ok629 homozygotes because of a male-tail-defective phenotype in the strain (which we have not definitively assigned to ok629). In matings between tra-2(q122) females and ok629/pk1426 trans-heterozygote males at 25°, the resulting embryos showed similar levels of nonviability as embryos sired by pk1426 homozygous males: 84% nonviability from pk1426/pk1426 and 72% nonviability from ok629/pk1426, contrasted with 2% nonviability from N2 ( Figure S3 ).
To distinguish a paternal effect from an embryonic requirement for a paternally delivered rrf-3(1) allele, we used the scheme in Figure 3B , setting up matings between rrf-3(pk1426) homozygous hermaphrodites and rrf-3(pk1426)/mIn1 heterozygous males. mIn1 is a chromosome inversion of chromosome II containing the wild-type rrf-3 locus and a transgene insertion that drives pharyngeal GFP expression (Edgley and Riddle 2001) , enabling us to determine which paternal allele is inherited by the progeny. We found that survival was not affected by physical inheritance of the wild-type rrf-3 allele (on mIn1), indicating that rrf-3 expression is not required after separation of joined secondary spermatocytes into spermatids nor in embryogenesis (Figure 2 and Figure 3C ). Together with the early temperaturesensitive period (prior to fertilization of the embryo as shown in Figure 3A) , this result implicates spermatogenesis as the crucial timing for both RRF-3 expression and activity.
Roles for rrf-3 and eri-1 in preventing microtubule accumulation in sperm and abnormal microtubule structures in one-cell embryos: To examine the basis of the embryonic lethality, we stained wild-type and rrf-3(pk1426) self-fertilized embryos with an antibody against a-tubulin. One particularly notable defect was Figure 3 .-RRF-3 is involved in a temperaturesensitive spermatogenic process with effects on embryonic viability. (A) The viability of embryos sired by rrf-3(pk1426) males is determined by temperature of spermatogenesis. rrf-3(pk1426) or N2 males raised at the indicated temperatures were mated with tra-2(q122) females. The level of embryonic viability was estimated by counting both the total number of eggs laid (n) and the number of surviving progeny (as described in materials and methods). (B) Diagram of assay for an embryonic requirement for a paternally delivered, wild-type copy of rrf-3. rrf-3(pk1426) homozygous hermaphrodites were mated with males that were heterozygous for rrf-3(pk1426) and the mIn1 inversion (which carries the wildtype rrf-3 locus and a transgene driving pharyngeal GFP expression). Inheritance of the mutant and wild-type rrf-3 allele could be tracked by GFP expression. No marker for outcrossed progeny was necessary because of the sperm defect in rrf-3(pk1426) hermaphrodites. Animals were raised and matings set up at 25°. (C) A wild-type copy of rrf-3 is dispensable for embryogenesis. GFP-and non-GFP-expressing progeny were counted at L4 or adult stage to determine the proportion with paternally inherited mIn1. To provide a control for the potential effects of the inversion and the dominant transgene marker, 1/mIn1 males were used. A total of 526 progeny resulting from five matings were counted for 1/mIn1, and a total of 675 progeny resulting from four matings were counted for rrf-3(pk1426)/mIn1. Error bars denote standard error of the means. the presence of abnormal microtubule structures in a subset of the mutant embryos at the one-cell stage (i.e., from formation of the maternal meiotic spindle through metaphase of the first mitotic division). Specifically, we detected supernumerary microtubule asters associated with the sperm pronucleus or tripolar spindles in 5 of 35 rrf-3 mutant one-cell embryos ( Figure 4A ), whereas such structures were never observed in control embryos (0 of 34; P-value: 0.029).
Immunofluorescence analysis also revealed striking microtubule-based abnormalities in rrf-3 mutant sperm. At 23°, we observed bright wreaths of microtubules surrounding the nuclei of both hermaphrodite and male-derived sperm ( Figure 4B and Figure S4 ). These microtubule wreaths were clearly visible in 83% (n ¼ 307) of rrf-3 mutant sperm. In contrast, only 2% of wildtype sperm exhibited any detectable tubulin staining (which had a diffuse appearance) other than the sperm centrioles. Microtubule wreath structures were never observed in wild-type sperm (n ¼ 179). The fact that tubulin was largely undetectable is expected on the basis of previous observations that microtubules in secondary spermatocytes are effectively segregated to an enucleated cytoplast called the residual body Ward 1986; Ward et al. 1986) . At 16°, where we did not see dead embryos, the mutant sperm lacked the microtubule wreath phenotype.
Because meiotic DNA damage resulting from compromised small RNA machinery in Drosophila results in microtubule polarization defects (Chen et al. 2007; Klattenhoff et al. 2007; Pane et al. 2007) , we tested the possibility that the microtubule wreaths in rrf-3 mutant sperm might be a consequence of unrepaired meiotic DNA double-strand breaks (DSBs). (Although the normal kinetics of RAD-51 foci in rrf-3 mutants suggests successful DSB repair, our data could not exclude the possibility of persistent meiotic DNA damage.) Specifically, we looked for microtubule wreaths around sperm nuclei at 23°in double-mutant worms lacking SPO-11 (the enzyme required for inducing meiotic DSBs) (Keeney et al. 1997; Dernburg et al. 1998 ) and RRF-3. Microtubule wreaths were present in sperm from the double mutant, indicating that these structures do not depend on meiotic DSBs induced by SPO-11 (data not shown).
Given the similarities between the fertility and RNAi phenotypes of rrf-3 and eri-1 mutants, we examined tubulin distribution in sperm and embryos from eri-1(mg366) hermaphrodites raised at 23°. We found both microtubule wreaths in sperm (59%, n ¼ 256) and microtubule/spindle defects in embryos (4/20) produced by eri mutants ( Figure 5, A and B) . We further confirmed a role for ERI-1 in producing functionally normal sperm by showing that mating eri-1(mg366) males with tra-2(q122) females resulted in nonviable embryos at elevated temperatures ( Figure 5C ).
Identification of siRNAs present in spermatogenic cells: During the progression through the distinct stages of spermatogenesis from a premeiotic syncitium to a mature sperm, a large number of genes must be choreographed to ensure that the proper genes are expressed at the appropriate level and developmental stage (e.g., Johnston et al. 2008) . Since several RNAi-related factors have been implicated in spermatogenesis through mutant studies, we expected that RNA-based regulatory machinery might contribute at several levels to this choreography. Consequently, we characterized the small RNAs present in the male germline. We took a sequencingbased approach to this, adapting sperm isolation and optimizing high-throughput sequencing methods to generate an extensive data set of small RNA sequences from isolated spermatogenic cells. Spermatogenic cells were isolated from adult fem-3(q20) XX animals using a technique that yields a large proportion of sperm precursors in addition to mature sperm (adapted from Lamunyon and Ward 1995, which describes a dicing method, and from Miller 2006, which uses M9 buffer and does not require a Percoll step to obtain sperm for biochemical analysis). fem-3(q20) animals produce an excess of sperm and no oocytes or embryos at 25° (Barton et al. 1987) . Functionality of fem-3(gf) XX sperm has been demonstrated previously by their ability to sire live embryos following artificial insemination (Lamunyon and Ward 1994) . The population of cells isolated and used for sequencing is shown in Figure S5 .
We prepared sequencing libraries using a method that allows for capture of small RNAs independently of the 59 phosphorylation status. In C. elegans, the majority of RdRP products have a 59 triphosphate (Ruby et al. 2006; Pak and Fire 2007; Sijen et al. 2007 ), but standard highefficiency library preparation methods (e.g., Lau et al. 2001 ) rely on a 59 monophosphate, which is characteristic of microRNAs and other DCR-1 products. The ability to capture 59-triphosphorylated siRNAs was critical for this analysis, since this terminus structure is expected to be present on any initial RdRP transcript and would be retained unless there is covalent 59-end processing. In materials and methods, we describe our procedure for preparing such libraries using a modification of Lau et al. (2001) with the addition of a dephosphorylation and a single phosphate addition step following 39 adapter ligation. The resulting libraries of small RNAs were of diverse sequence composition, and we obtained large numbers of distinct small RNA species including microRNAs, piwi-interacting RNAs (also called piRNAs or 21U-RNAs), and siRNAs. These sequences are available at the NCBI short read archive (GEO accession number GSE18429). We aligned the small RNA sequences to a cDNA data set downloaded from http://www.wormbase.org to generate a list of siRNA alignment counts for each annotated gene (where ''siRNA alignment count'' for each gene is the Figure 5. -Abnormal microtubule structures in eri-1 mutant embryos and sperm and paternaleffect nonviability from eri-1 mutant males. (A) eri-1(mg366) sperm and (B) embryo from hermaphrodites grown at 23°and stained with Hoechst to label chromosomes (red) and antitubulin antibody to label microtubules (green). (A) Some eri-1(mg366) sperm contain abnormal microtubule wreath structures (arrowheads) similar to those observed in rrf-3 mutant sperm. Bar, 5 mm. (B) One-cell eri-1 mutant embryo with a tripolar spindle. Arrowheads mark each of the three spindle poles. Arrows mark the polar bodies, which indicate the anterior of the embryo. Bar, 10 mm. (C) eri-1(mg366) males sire nonviable embryos at elevated temperatures. The fraction of nonviable embryos was estimated by counting both the number of eggs laid and the resulting number of surviving progeny. Matings were set up at both 23°and 25°. Error bars denote standard errors of the means.
number of alignments that it produced from the complete set of small RNA sequences) These data are tabulated in File S1. Also included in the NCBI short read archive are alignment files in psl format, which can be directly uploaded onto the UCSC Genome Browser (http:/ /www.genome.ucsc.edu) for viewing. Two notable features of the siRNA alignments are a bias toward antisense orientation relative to the annotated mRNA and a diversity of positions within the individual target genes, as illustrated by siRNAs of the gene C05C12.5 (Figure 6 ). The antisense orientation of the spermatogenesis siRNAs suggests synthesis by RdRP and is consistent with potential modulatory roles of these small RNAs through a ''standard'' gene-silencing model in which an Argonuate-bound short antisense RNA segment catalytically locates and silences mRNAs with extended regions of homology (reviewed in Hutvagner and Simard 2008) .
The full small RNA-ome from sperm is large, complex, and likely to reflect numerous distinct regulatory processes. We began by analyzing small RNAs with likely roles in the regulation of specific mRNAs by compiling siRNA alignment counts for each annotated mRNAencoding gene in this data set. While a comprehensive list of spermatogenesis-expressed mRNAs is unavailable for C. elegans, several studies have categorized mRNAs with higher relative expression in spermatogenic cells than in other tissues. We compared the list of genes with siRNAs present in the spermatogenic cell sample with two gene lists, ''spermatogenesis-enriched'' and ''mountain 4.'' The spermatogenesis-enriched category was derived by comparison of mRNA expression from mutant hermaphrodites that were either masculinized to produce only sperm or feminized to produce only oocytes (Reinke et al. 2004) . Mountain 4 was derived from a study that grouped genes according to correlated expression patterns over multiple growth conditions, developmental time points, and mutant backgrounds (Kim et al. 2001) . For a gene to be categorized as having siRNAs in spermatogenic cells, we required that the number of alignments to its mRNA from our isolated spermatogenic cell siRNAs be at least three. A total of 4723 of the 21,133 genes in our cDNA reference set met this criterion. These 4723 genes show a 3.7-and 3.5-fold greater-than-expected overlap with the spermatogenesis-enriched and mountain 4 expression category, respectively (accounting for 84% of the total spermatogenesis-enriched category and 77% of the mountain 4 category, Figure 7A ). Conversely, genes from the spermatogenesis-enriched and mountain 4 categories were significantly underrepresented among the group of mRNAs identified in our isolated spermatogenic cell sample with siRNA alignment counts of fewer than 3 (4.8-and 3.3-fold less-than-expected, respectively). These results indicate that siRNA abundance in spermatogenic cells correlates with mRNA expression during spermatogenesis and that siRNA production is a general feature of gene activity during spermatogenesis, involving the majority of genes with enriched expression during spermatogenesis.
Identification of RRF-3-dependent siRNAs: To identify siRNAs that depend upon RRF-3 for their production, we analyzed siRNA expression profiles from rrf-3 mutant samples. To avoid any possible confounding effects of the fem-3 mutant background (since FEM-3 affects the control of spermatogenesis), we carried these experiments out using populations of karyotypically normal XO males. For both rrf-3 mutant and wild-type control samples, a him-8(e1489) mutation that compromises X-chromosome pairing primarily in oocytes was used to generate populations with large numbers of males (Hodgkin et al. 1979 ). -siRNA alignments to an mRNA: antisense predominance and diversity of intragenic locations. A modified UCSC Genome Browser Display illustrates the C05C12.5 annotation and siRNAs from the spermatogenic cell sample. For the C05C12.5 annotation, thin solid end segments denote untranslated regions, thick solid segments denote exons, and line segments denote introns. White arrows within exons indicate the gene's orientation. siRNA alignments are represented by short black segments. All but the three siRNA alignments outlined by a dashed red box are antisense to C05C12.5. Note that siRNAs that span exon-exon boundaries do not produce genomic alignments.
siRNA profiles from the him-8(e1489) whole males and from the isolated fem-3(q20) hermaphrodite spermatogenic cells were generally similar in that genes with abundant siRNAs in one sample tended to be abundant in the other, but a number of genes did show genotype/ tissue specificity ( Figure S6 ). To increase the stringency of our analysis, we prepared two sets of males of each genotype at 25°using different population synchronization methods for each set. We aligned the sequences from each sample to the cDNA data set and compared the siRNA alignment count for each gene in the rrf-3 mutant and control male sample. For the vast majority of genes, we saw little or no effect of rrf-3(pk1426) on siRNA levels in these assays: ,5% of the genes had reproducible, greater-than-twofold decreases in siRNAs levels. A subset of genes showed dramatic effects, however, and we chose to track 49 genes whose expression is likely dependent upon RRF-3 by the criterion of a threefoldreduced alignment count with a P-value of ,0.005 in both sets of experiments (Table 1 ; materials and methods).
This list of 49 genes is intended as exemplary rather than complete: other genes appear to have similar properties without quite reaching our arbitrary statistical threshold criteria, while still more may produce siRNAs that are expressed at levels insufficient for statistical significance in these analyses. In addition, alignment of the small RNA sequences to the genome without regard to predicted coding status revealed additional unannotated loci with small RNAs dependent upon RRF-3, such as the previously identified RRF-3-dependent locus on the X chromosome called the X cluster (Ambros et al. 2003; Duchaine et al. 2006) . The two genes on the list of 49 with the highest siRNA levels, C44B11.6 and K02E2.6, have previously been shown by siRNA Northern analysis to require RRF-3 for siRNA accumulation, providing an independent confirmation of our experimental approach (Duchaine et al. 2006; Lee et al. 2006) .
For any of these genes to be regulated by an RRF-3-driven mechanism during spermatogenesis, one would expect that both their mRNAs and siRNAs would be expressed during spermatogenesis. We found 5.2-fold enrichment for the mountain 4 expression category and 4.6-fold enrichment for the spermatogenesis-enriched category in our list of 49 candidate RRF-3 target genes, indicating that a substantial fraction of RRF-3-regulated genes are expressed during spermatogenesis (Table 1; Figure 7B ). We also used an siRNA alignment count from spermatogenic cells as a means of ranking the candidate gene list in terms of the likelihood of spermatogenesis gene regulation. As before, we split the list into two categories using a spermatogenesis siRNA alignment count of 3 as the threshold, resulting in 21 genes with spermatogenesis siRNAs and 28 without (Table 1) . These 21 genes with spermatogenesis siRNAs and dependency on RRF-3 represent a sample of candidate RRF-3 regulatory targets during spermatogenesis. An important result of this analysis was that RRF-3 had little or no effect on gene-specific siRNA counts for the majority of the 4723 genes with spermatogenesis siRNAs (Figure 8 ): ,4% of the genes had reproducible, greater-than-twofold decreases in siRNA levels in rrf-3(pk1426) relative to control him-8(e1489) males (69 of 1784 genes; to exclude background noise from genes with low siRNA alignment counts, only genes with counts of at least 25 in both sets of control males were included). This result is consistent with the existence of many other RNAi-related factors with substantial germline phenotypes (Cox et al. 1998; Smardon et al. 2000; Knight and Bass 2001; Tops et al. 2005; Chen et al. 2007) .
In addition to mRNA-encoding genes, we examined small RNAs corresponding to a large number of repeated Venn diagrams display the numbers of genes either shared between two categories or exclusive to either category. Genes with siRNAs present in spermatogenic cells had an siRNA count of at least three from the isolated spermatogenic cell sample. Genes in mountain 4 (Kim et al. 2001 ) and spermatogenesis-enriched (Reinke et al. 2004) categories are associated with enriched mRNA expression during spermatogenesis as measured by comparative microarray analyses. Only genes that had probes on the microarrays and were present in the cDNA data set used for aligning small RNA sequences were counted in each category. (B) The candidate RRF-3 regulatory targets are enriched for genes with siRNAs present in spermatogenic cells. Relative siRNA expression levels were measured by siRNA sequencing from two sets of him-8(e1489) adult males (mutant and wild type for rrf-3). Fortynine genes whose siRNA alignment counts were decreased by at least threefold with a P-value of ,0.005 in rrf-3(pk1426) in both sets were categorized as candidate RRF-3 regulatory targets. Expression category (Reinke et al. 2004) Fold increase in rrf-3 and eri-1 mutants (Asikainen et al. 2007) Gene name and/or transposable elements (http:/ /www.sanger. ac.uk/Projects/C_elegans/REPEATS/elegans.lib). From this analysis we found that many transposons, especially Helitron (264 siRNAs aligned to a HELICOP1 sequence) and Tc1/mariner transposons (87 siRNAs aligned to a Tc1 sequence), were associated with high siRNA alignment counts from the spermatogenic cell sample. We did not find any transposons that required RRF-3 by the criteria of a threefold reduction in siRNA alignment count and a Pvalue of ,0.005 between mutant and control from both sets of samples. Intriguingly, we found three cases in which siRNAs corresponding to a transposon were significantly more abundant in rrf-3 mutants: CELE1, LINE2, and TURMOIL2. Of these, only TURMOIL2 had siRNAs present in the spermatogenic cell sample. The increased siRNAs from these transposons could reflect an activation of RNAi-like processes as has previously been observed in exogenous RNAi and transgene silencing (Sijen et al. 2001; Simmer et al. 2002) . siRNAs produced by RRF-3 and ERI-1 function to downregulate mRNA levels during spermatogenesis: In the absence of RRF-3 or ERI-1, at least one putative target, K02E2.6, has been shown to have increased mRNA levels (Duchaine et al. 2006) . To test whether RRF-3 and ERI-1 generally act to downregulate their spermatogenesis targets, we compared the RRF-3 regulatory candidates with a global microarray analysis of RRF-3 and ERI-1 effects on mRNA levels in hermaphrodites undergoing spermatogenesis (Asikainen et al. 2007 ; S. Asikainen and G. Wong, personal communication) . We first note some limitations in the comparison with the microarray analysis: Three of the 21 genes that we identified as differentially regulated in males were not included in the microarrays used by Asikainen et al. (2007) . Furthermore, Asikainen et al. (2007) reported data for whole L4 hermaphrodites, in which sperm or sperm precursors may have been a relatively rare component (so that substantial differences in spermatogenic mRNA abundance could have been masked by pools of unaffected somatic RNA). Similarly, spermatogenic cell-type-specific silencing could be hard to detect in the background of other sperm precursor cells still expressing the transcript at normal levels. Despite these limitations, it is of considerable interest to compare our siRNA data with the mRNA abundances determined by Asikainen et al. (2007; Table 1) . Of the 18 genes that were included in the microarray analysis and with RRF-3-dependent spermatogenesis siRNAs, 3 showed increased mRNA levels in both rrf-3 and eri mutants, and an additional 5 showed increased mRNA levels in eri-1 mutants alone (15.8-fold enrichment with a P-value of 8.8 3 10
À4 for the rrf-3 mutant; 10.6-fold enrichment with a P-value of 2.9 3 10 À7 for the eri-1 mutant; see materials and methods).
DISCUSSION
Evidence for a developmental role for RRF-3 during spermatogenesis: Small RNA pathway functions are commonly categorized as defensive (e.g., suppression of transposable elements and viruses) or regulatory (e.g., downregulation of mRNA levels during development). Either function can be essential, as exemplified by the critical roles of microRNA developmental regulators (reviewed in Flynt and Lai 2008) and by the roles of piRNAs in transposon control (reviewed in Klattenhoff and Theurkauf 2008) . These developmental/defense roles of small RNAs can overlap, as illustrated by a human cellular microRNA that targets a viral RNA (Lecellier et al. 2005) and by the recent description of a C. elegans small RNA family (21U-or piRNAs) that apparently modulates both transpo- Figure 8 .-Global RRF-3 effects on spermatogenesis siRNA accumulation. Scatter plots depict the siRNA alignment count per gene from him-8(e1489) control males (x-axis) and from rrf-3(pk1426); him-8(e1489) (y-axis). Blue dots correspond to the 4723 genes with spermatogenic cell siRNAs. Red dots correspond to the 21 genes with both spermatogenic siRNAs and dependency on RRF-3. Genes with siRNA alignment counts of zero were assigned a value of 0.5 to avoid exclusion from the logarithmically scaled plots. The trendlines indicate the expected siRNA alignment counts per gene if both samples were derived from the same population. On a linear scaled plot, the slopes deviate from 45°because of differences in sample sizes.
sons and cellular transcripts during spermatogenesis (Batista et al. 2008; Das et al. 2008; Wang and Reinke 2008) . Although products of cellular RdRPs apparently differ from piRNAs in both structure and biosynthetic mode, some RdRPs can participate in responses to foreign nucleic acids, including quelling in Neurospora crassa (Cogoni and Macino 1999) and viral defense in Arabidopsis (Mourrain et al. 2000) . On the basis of developmental phenotypes in mutant strains, other RdRP components have been hypothesized to carry out endogenous regulatory roles (Smardon et al. 2000; Shiu and Metzenberg 2002) .
Several characteristics of RRF-3 (the temperaturedependent character and the requirement for RRF-3 in a defined developmental pathway such as spermatogenesis) facilitate a detailed analysis of siRNAs associated with RRF-3 function and their potential regulatory roles. Using high-throughput sequencing as a tool for characterizing RNA populations, we found that antisense siRNAs corresponding to a variety of both transposable elements and cellular mRNAs are present in spermatogenic cells. Among the large and diverse set of cellular mRNAs reflected in the pool of siRNAs, we found a strong enrichment for those with expression during spermatogenesis (in particular, with mRNAs known to have elevated expression during spermatogenesis; Kim et al. 2001; Reinke et al. 2004) . By comparing whole males either mutant or wild type for rrf-3, we have identified exemplary cellular mRNAs for which siRNA production during spermatogenesis depends on RRF-3. These cellular mRNAs show strong enrichment for previously identified genes whose mRNA levels are elevated in populations of whole animals in both rrf-3 and eri-1 mutants (Asikainen et al. 2007) .
RRF-3 and paternal contributions to embryogenesis: In principle, paternal-effect lethality associated with RRF-3 and ERI-1 mutants could result either from a lack of sperm-provided factors essential for normal embryogenesis or from pathological effects of inappropriate sperm content. We favor the latter possibility for several reasons of parsimony. First, RNAi pathways are known to function broadly in downregulation of gene expression, such that loss-of-function mutations result in overexpression of spermatogenic factors. Second, the presence of ectopic microtubule structures that we observed in mutant sperm (and later defective microtubule structures in embryos) suggests failure to eliminate at least one structure (microtubules) during budding of spermatids. Whether due to sequestration defects or ectopic microtubule polymerization after budding, a plausible interpretation is that microtubules or associated factors in mutant sperm could have a pathological effect in embryos.
Production of functionally normal sperm requires a highly specialized cellular differentiation program to generate cells that are motile, fertilization competent, and capable of contributing centrioles (which will nucleate the first mitotic spindles) and other polarity cues. Numerous genes whose expression is enriched or specific to spermatogenesis indicate that sperm production involves induction of gene expression programs (Kim et al. 2001; Reinke et al. 2004; Johnston et al. 2008) . As with virtually any biological process, it would be expected that biological functions will also need to be downregulated during sperm differentiation (Lamitina and L'Hernault 2002; Muhlrad and Ward 2002; Khalil et al. 2004) . In systems with interacting and potentially cooperating controls, loss of a single regulatory modality frequently leads to a conditional (rather than absolute) effect. For example, null mutations in certain regulators produce specific temperature-sensitive somatic phenotypes during larval development in C. elegans (Golden and Riddle 1984; Melendez and Greenwald 2000) . Spermatogenesis in C. elegans is particularly temperature-sensitive even in wild-type worms (which become sterile if spermatogenesis is attempted at 27° (Shapira and Tan 2008) . Null mutants of other C. elegans small RNA-related genes, including the Piwi-related gene prg-1, share an apparent null-mutant temperature-sensitive spermatogenesis character (Batista et al. 2008; Das et al. 2008; Wang and Reinke 2008) .
Models for negative regulation of gene expression by RRF-3: A ''simple'' model for RRF-3 function during spermatogenesis would entail RRF-3 association with a set of transcripts, specific synthesis of small RNA pools from these transcripts, subsequent downregulation of new synthesis for the corresponding protein products, and a contribution of this downregulation in providing balanced protein product levels to allow for an efficient developmental process (spermatogenesis) under diverse conditions.
Despite the attractiveness of such a model, we note that our data do not establish a direct connection between RRF-3, the production of siRNAs from specific mRNA transcripts, the observed RRF-3-dependent downregulation, and spermatogenic phenotypes resulting in the mutant background. Certainly, the observation of similar sets of template mRNAs, siRNA products, mRNA modulation, and spermatogenic/embryonic phenotypes in at least one other member (ERI-1) of the ERI protein supercomplex where RRF-3 is known to reside argues for concerted participation of this complex in a defined regulatory process in sperm. We note that small RNA biogenesis and regulatory mechanisms in C. elegans and other organisms are sufficiently complex and multimodal, so that assuming that the siRNAs identified here are the immediate products of RRF-3 may be an oversimplification.
From the observed defects in sperm form and function, it was somewhat surprising to observe only a small number of genes for which siRNA production requires RRF-3. Given a requirement for the alternative RNA-directed RNA polymerase EGO-1 during spermato-genesis (Smardon et al. 2000) , it seems plausible that two distinct classes of the cis-acting RNA signal (one for EGO-1 and one for RRF-3) are responsible for functional RdRP recruitment and subsequent genetic repression. Incomplete loss of RRF-3 target siRNAs in rrf-3 mutants suggests redundancy with other RdRPs or with other mechanisms that trigger siRNA production. EGO-1, RRF-3, and the other C. elegans RdRPs thus may overlap in their recognition of target RNAs due to either overlapping signal specificity of RdRP recruitment or differential timing of RdRP expression relative to developmental events. We stress that our lists of regulated genes (at the siRNA and mRNA levels) are exemplary and not complete: in addition to the genes that missed our detection due to siRNA expression that is redundantly triggered, we would have failed to detect unannotated genes, genes where siRNA expression was limited to hermaphrodites, or genes where siRNAs were at a level too low or too transient to be detected in the analysis.
Despite the incompleteness of the identified regulated gene set, it is important to note that the majority of genes showed no difference in either mRNA or siRNA expression in rrf-3 mutant animals. Thus the RRF-3 system appears somewhat exclusive in its choice of ''client.'' Misregulation of a small set of genes, or even of a single gene, could certainly have drastic effects on spermatogenesis. Single-gene requirements in C. elegans spermatogenesis have been extensively investigated in the literature, with hundreds of conditional and numerous nonconditional spermatogenesis mutants in several dozen genes (reviewed in L'Hernault 2009). While a single-gene process would be tempting to propose, multigenic requirements for developmental regulation have also been demonstrated in many small RNA-regulated systems; in the case of RRF-3 regulation, the existence of at least several dozen RRF-3-dependent siRNA templates suggests that the observed phenotypic syndrome could involve more than one target.
Our work, combined with other recent analyses, suggests the potential for at least four negative regulatory mechanisms that use small RNA effectors during spermatogenesis and that involve microRNAs (Ro et al. 2007; Marcon et al. 2008) , piRNAs (reviewed in Klattenhoff and Theurkauf 2008) , RRF-3-dependent siRNAs (Pavelec et al. 2009) , and RRF-3-independent siRNAs. Each of these four mechanisms appears poised to control a specific set of RNA targets in a manner that would depend on the expression patterns for specific mRNAs and relevant populations of small RNA effectors.
RdRPs as providers of inexpensive feedback regulation: For conventional feedback regulation (e.g., employing a transcription factor), a biological system must be devised such that a specific repressive interaction between a gene product (or a metabolite that depends on the gene product) and the corresponding RNA or protein occurs. RdRP-based mechanisms provide a much less costly mechanism to generate a self-regulated system. A key requirement for such a system is a negative regulator whose accumulation at any given time depends on the concentration of a product. An RdRP system would allow any gene to engage in feedback regulation by addition of an RdRP recruitment signal to its transcript. This would also provide the capacity to convert any ''off-to-on'' system into a temporal spike, since strong RdRP recruitment would result in a system in which an initial burst of gene expression could be selfsilencing. Importantly for this potential contribution to gene regulation, the RdRP system could be present as a relatively ubiquitous component of cellular machinery, with any message to be autoregulated simply needing to make docking sites available for RdRP to acquire negative regulation following any burst of synthesis. -pk1426/ok629 trans-heterozygote males sire nonviable embryos. Matings were set up with tra2(q122) females and ok629/pk1426 heterozygote males at 25°C. The proportion of dead embryos was estimated by counting newly laid embryos and the resulting survivors. ok629 homozygous males were not tested due to defective male tail development and inability to mate (not shown). pk1426 has a weak effect, if any, on embryogenesis when delivered through wildtype heterozygous males ( Figure 3C ). Error bars denote standard errors of the means.
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Tubulin DNA Tubulin FIGURE S4.-Microtubule accumulation around spermatid nuclei of rrf-3 mutant males. Spermatids from either a wildtype male gonad (top two panels) or an rrf-3 mutant male gonad (bottom two panels) stained with Hoechst to label chromosomes (Red) and anti-tubulin antibody to label microtubules (Green). Males were grown at 25°C. The insets in the top two panels show a spermatocyte from the same gonad that is undergoing the first meiotic division; this serves as an internal control demonstrating the effectiveness of tubulin immunostaining in the wildtype sample. Arrows highlight a fraction of the tubulin wreaths observed in rrf-3 mutant spermatids. Scale bar is 5 µm. FIGURE S5.-A mix of cell stages in the isolated spermatogenic cell sample. A small portion of the isolated spermatogonic cells in M9 buffer were immediately put on a slide after the rest had been flash frozen into liquid N2. The isolated cells contain a mixture of primary spermatocytes, secondary spermatocytes, residual bodies, mature spermatids, and various intermediates, as indicated by labels and arrows. him-8(e1489) whole males FIGURE S6.-Comparison of siRNA expression profiles from him-8(e1489) whole males and from fem-3(q20) isolated spermatogenic cells. Scatter plots depict siRNA alignment count per gene from him-8(e1489) whole males (Y-axis) and fem-3(q20) isolated spermatogenic cells (X-axis). Genes with siRNA alignment counts of zero were assigned a value of 0.5 to avoid exclusion from the logarithmicly scaled plots. The trendlines indicate the expected siRNA alignment counts per gene if both samples had been derived from the same population. On a linear scaled plot, the slopes deviate from 45° because of differences in sample sizes.
FILE S1
siRNA sequencing sample descriptions File S1 is available for download as an Excel file at http://www.genetics.org/cgi/content/full/genetics.109.108134/DC1. "Sequence reads" refers to the 19 to 28 nt sequences that were parsed from the 36 nt Illumina Genome Analyzer output sequences (containing 5' barcodes and 3' adapter sequences). The sequence reads were aligned to both the C. elegans genome and to a cDNA dataset to obtain both numbers of alignments and numbers of sequence reads that produced the alignments. Alignments were generated using BLAT with parameters set to default, except stepSize was set to 5 and tileSize to 10. Repetitive alignments (derived from sequence reads with multiple equally good alignments) were subtracted from the complete set of alignments to obtain the numbers of uniquely aligning sequences. Since a sequence read could align uniquely to the cDNA dataset but align repetitively to the genome, unique cDNA alignments were identified by first aligning to the genome, then to the cDNA dataset.
